We report the experimental observation of room-temperature perpendicular magnetic anisotropy ͑PMA͒ in Ni/Pd ͑111͒ multilayer films having the thickness range of 5-11 Å Ni and 4-11 Å Pd sublayers, prepared by direct current magnetron sputtering on glass substrates at Ar sputtering pressure of 7 mTorr. Perpendicular magnetic anisotropy was found to be sensitively dependent on both Ni-and Pd-sublayer thicknesses, and a maximum anisotropy energy of 5.6ϫ10 5 erg/cm 3 was obtained for the ͑5 Å Ni/6 Å Pd͒ 30 multilayer. The magnetoelastic anisotropy, quantitatively determined from in situ stress and ex situ magnetostriction coefficient measurements, was found to play an important role for the observed PMA in this system, together with the surface anisotropy. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03946-7͔
Searching for magnetic multilayer films exhibiting room-temperature perpendicular magnetic anisotropy ͑PMA͒, where magnetization is perpendicular to the film plane, has been the significant recent interests from fundamental aspects to understand spin orientation as well as technical applications to ultrahigh-density magnetic and magneto-optical ͑MO͒ recording. Co-or Fe-based multilayer films prepared by alternate deposition of transition metal ͑Co or Fe͒ and noble metal ͑Pd, Ag, Pt, or Au͒ [1] [2] [3] [4] [5] [6] [7] have been extensively investigated to search for PMA. Most of these systems have been reported to develop an order of 10 6 -10 7 erg/cm 3 strong PMA at room temperature when the thickness of transition metal was thinner than a few monolayers. Possible explanations for a strong PMA in Co-and Fe-based multilayers include the Néel's surface anisotropy ascribed to the lowered symmetry at an interface 8 and enhanced magnetocrystalline anisotropy due to altered electronic structure 9, 10 in a multilayer.
On the other hand, most Ni-based multilayers have been reported to show in-plane anisotropy at room temperature. Also, the theoretical calculation based on accurate selfconsistent electronic structure has predicted in-plane anisotropy, for the Ni monolayer. However, Shin et al. 11 has observed room-temperature PMA in Ni/Pt multilayers and stress-induced magnetoelastic anisotropy was claimed to be a major origin for the observed PMA in this system, 12 in contrast with the interfacial origins of PMA found in Co-or Fe-based multilayer systems. While, Flevaris 13 has reported that a perpendicular anisotropy component, determined from the polar Kerr hysteresis loop, was developed for a very thin Ni sublayers in Ni/Pd multilayers and Takahashi et al.
14 has observed PMA in Ni/Pd multilayers prepared at high Ar sputtering pressure of 25 mTorr. The purpose of this letter is to report the experimental observation of room-temperature PMA with a squared Kerr hysteresis loop in Ni/Pd multilayer films and to clarify the origins of the observed PMA in this system. Ni/Pd multilayer films were prepared on glass substrates of 130 m in thickness at ambient temperature by sequential dc magnetron sputtering of Ni and Pd under a base pressure of 8ϫ10 Ϫ7 Torr and Ar sputtering pressure of 7 mTorr. With maintaining the same number of bilayer repeats of 30 the thickness of the Ni sublayer was varied from 5 to 20 Å and the thickness of the Pd sublayer was varied from 4 to 11 Å. The samples will be designated by (t Ni Å Ni/t Pd Å Pd͒ n , where t Ni is the thickness of the Ni sublayer, t Pd is the thickness of the Pd sublayer, and n is the number of bilayer repeats.
Low-angle x-ray diffraction studies using Cu K␣ radiation revealed that all Ni/Pd multilayer films had peaks characteristic of the multilayer structure. We observed a distinct low-angle x-ray diffraction peak with a narrow full width at half maximum, indicating an existence of the fairly sharp interfaces in our multilayer sample. A typical low-angle x-ray diffraction pattern for ͑11 Å Ni/5.7 Å Pd͒ 30 multilayer is shown in Fig. 1 , where the first-order maxima at 2ϭ5.0°r eflects a periodicity of 16.7 Å of the multilayer. The highangle x-ray diffraction peak around 2ϭ43.3°shown in the inset of Fig. 1 indicates the strong ͑111͒ texture along the growth orientation.
In Fig. 2 we demonstrate a typical torque curve of the ͑8 Å Ni/4 Å Pd͒ 30 multilayer exhibiting PMA, together with a torque curve for an in-plane anisotropy sample of the ͑21 Å Ni/4 Å Pd͒ 30 multilayer for comparison. Both curves suggest that our samples could be considered as a uniaxialanisotropy system. It can be seen from Fig. 2 that an easy axis is parallel to the ͓111͔ orientation of the ͑8 Å Ni/4 Å Pd͒ 30 multilayer film, while it is located in the plane for the ͑21 Å Ni/4 Å Pd͒ 30 multilayer film. Assuming the first-order uniaxial anisotropy the effective anisotropy energy was determined from the measured torque curve; it was found to be sensitively dependent on both Ni-and Pd-sublayer thicknesses, and Ni/Pd multilayers with 5 Åрt Ni р11 Å and 4 Åрt Pd р11 Å had perpendicular magnetic anisotropy. The largest effective anisotropy energy of 5.6ϫ10 5 larger by a factor of ten than a typical value of the magnetocrystalline anisotropy of bulk Ni along ͓111͔ orientation of 4.5ϫ10 4 erg/cm 3 . We observe square Kerr hysteresis loops in Ni/Pd multilayers, as demonstrated in the inset of Fig. 3 . These loops are marked different compared with earlier works. 13, 14 Different sample preparation method could result in the difference of the Kerr hysteresis loop, since the microstructure of films could strongly depend on the film preparation method. Our sample preparation method ͑sputtering͒ and substrate ͑glass͒ are different from those ͑e-beam evaporation and heated mica substrate͒ of Flevaris' work. 13 And we believe that the differences between Takahashi et al.'s work and our result were caused from the different combinations of Ni and Pd sublayer thickness, since the loop squareness was sensitively dependent on both Ni and Pd sublayer thicknesses as shown in Fig. 3 . We plot the squareness ratio, defined as the remnant Kerr rotation angle divided by the saturation one, for the Ni/Pd multilayer samples showing PMA in Fig. 3 : it can be seen that the loop squareness ratio is decreased with increasing the Ni and/or Pd sublayer thicknesses, and only a narrow range of Ni and Pd sublayer thicknesses yields a perfect squareness of the Kerr hysteresis loop in this system.
In Fig. 4 we plot the dependence of K u eff t Ni on the Ni sublayer thickness for a series of (t Ni ÅNi/6 Å Pd͒ 30 multilayers: one can notice that a linear behavior of K u eff t Ni vs t Ni is clearly existed, which is in contrast with the observation of a nonlinear behavior in Ni/Pt multilayers. 12 Thus, the effective anisotropy energy K u eff in Ni/Pd multilayers can be modeled phenomenologically by deconvolution of the thicknessindependent volume contribution and the 1/t Ni -dependent interface one; K u eff ϭK v ϩ2K s /t Ni , where K v is the volume anisotropy and K s is the surface anisotropy. The volume anisotropy is generally known to be composed of the magnetoelastic anisotropy K e , the shape anisotropy K d , and the magnetocrystalline anisotropy K c .
To investigate the origins of PMA observed in our Ni/Pd multilayers we have quantitatively determined K d , K s , and K e for a series of (t Ni Å Ni/6 Å Pd͒ 30 multilayers. Since K d is given by ␣M s 2 , where ␣ is the demagnetization factor and M s is the saturation magnetization, both quantities should be known to estimate K d . The M s , measured using a vibrating sample magnetometer, was varied from 473 to 375 emu/cm 3 with increasing the Ni sublayer thickness. The ␣ is 2 for a perfectly flat film, but it is structure sensitive and becomes smaller than 2 for an imperfect film having a rough surface. We have determined the demagnetization factor in our samples by numerical calculation of the magnetic dipolar energy, considering real surface topology obtained from atomic force microscopy measurement. It was found that ␣ was reduced to 87%-91% depending on the samples, compared to that of a perfect film. Details of the calculation will be published elsewhere. 15 The shape anisotropy was estimated to vary from 7.8ϫ10 5 to 2ϫ10 5 erg/cm 3 with increasing the Ni sublayer thickness. This shape anisotropy, caused by the magnetic dipolar interaction, energetically favors in-plane magnetization and therefore, it contributes negatively to PMA.
The surface anisotropy estimated from a linear fitting of Fig. 4 was 0.03 erg/cm 2 , positively contributing to PMA. But, the surface anisotropy in this system is much smaller than a typical value observed in Co-or Fe-based multilayers 7 and not large enough to overcome the negative contribution of the shape anisotropy. Thus, the surface anisotropy alone could not explain the observed PMA in Ni/Pd multilayers. To examine the contribution of the magnetoelastic anisotropy delicate in situ stress and ex situ magnetostriction coefficient measurements have been performed using an ultrasensitive optical displacement sensing apparatus. 16 It is natural to expect a tensile stress in the Ni layer, since the d spacing of Ni at the ͑111͒ matching plane is 9.8% smaller than that of Pd. Indeed, we have observed a tensile stress of 1.0-2.5 ϫ10 10 dyn/cm 2 in the Ni layer, where its magnitude was dependent on the thicknesses of both Ni and Pd sublayers. While, magnetostriction coefficient measurements revealed that the magnetostriction coefficient was negatively increased from Ϫ0.7ϫ10 Ϫ5 to Ϫ2.4ϫ10 Ϫ5 with the Ni layer thickness. The magnetoelastic anisotropy K e determined using a relation of K e ϭϪ3/2, where is the magnetostriction coefficient and is the stress in the Ni layer, is estimated to be from 2.8ϫ10 5 to 4.2ϫ10 5 erg/cm 3 . Therefore, its contribution to PMA is very comparable to the contribution of the surface anisotropy even for the thinnest Ni sublayer samples of ͑5 Å Ni/t Pd Å Pd͒ 30 , where the contribution of the surface anisotropy is expected to be largest. We have assumed that K c had a bulk Ni value of 4.5ϫ10 4 erg/cm 3 , since all samples had the strong ͑111͒ texture. It is clear that the magnetocrystalline anisotropy K c does not play a major role to result in PMA in our Ni/Pd multilayers, since K c was a factor of ten smaller than the other anisotropy values.
Interestingly, the saturation magnetization M s per Ni volume was found to show a 1/t Ni dependence of M s as demonstrated in the inset of Fig. 4 . We believe that the 1/t Ni behavior in Ni/Pd multilayers is mostly ascribed to induced ferromagnetic polarization of the Pd layer adjacent to the Ni layer. Pd is possibly the most polarizable nonmagnetic element: it has a large density of states at the Fermi level with about 0.6 d holes available for polarization and it is located directly below ferromagnetic Ni on the periodic table. Pd polarization in Co/Pd multilayers is well documented experimentally 3, 6, 17, 18 and theoretically. 19 Under the assumptions of uniform polarization of the Pd sublayer and sharp interfaces between Ni and Pd sublayers, the 1/t Ni dependence of the saturation magnetization in the Ni/Pd multilayers could be understood using the following phenomenological relation: M s ϭM Ni ϩM Pd t Pd /t Ni , where M s is the saturation magnetization per Ni volume of a multilayer, M Ni is the magnetization in the Ni sublayer, and M Pd is the induced magnetization in the Pd sublayer. Using this relation in the inset of Fig. 4 we estimate M Pd ϭ150Ϯ30 emu/cm 3 due to polarization of Pd in our Ni/Pd multilayer samples. Surprisingly, we have obtained a smaller value of M Ni ϭ330 Ϯ20 emu/cm 3 than the quoted value of 485 emu/cm 3 for bulk Ni. To understand this discrepancy we measured the saturation magnetization of a pure Ni film of 1000 Å fabricated at the same preparation conditions as the multilayer samples. It was found to be 350Ϯ10 emu/cm 3 , which was identical to the value of M Ni of the multilayer samples within an experimental error. So, we conjecture a reduced value of M Ni is ascribed to the lower density of our samples possibly due to the porous region, which usually exists in films prepared at high Ar sputtering pressure. 
